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Abstract

Signal Transducers and Activator of Transcription-3 (STAT3) are latent transcription factors that
are regulated by post-translational modifications (PTMs) in response to cellular activation by the
IL-6 superfamily of cytokines to regulate cell cycle progression and/or apoptosis. Here we observe
that STAT3 is inducibly mono-ubiquitinated and investigate its consequences. Using domain
mapping and highly specific selected reaction monitoring- mass spectrometric assays, we identify
lysine (K) 97 in its NH2-terminal domain as the major mono-ubiquitin conjugation site. We
constructed a mono-ubiquitinated mimic consisting of a deubiquitinase-resistant monomeric
ubiquitin fused to the NH2 terminus of STAT3 (ubiquitinated-STAT3 FP). In complex assays of
ectopically expressed ubi-STAT3-FP, we observed enhanced complex formation with
bromodomain -containing protein 4 (BRD4), a component of the activated positive transcriptional
elongation factor (P-TEFb) complex. Chromatin immunoprecipitation experiments in STAT3*/~
and STAT3~/~ MEFs showed BRD4 recruitment to STAT3-dependent suppressor of cytokine
signaling-3 gene (SOCS3). The effect of a selective small molecule inhibitor of BRD4, JQ1, to
inhibit SOCS3 expression demonstrated the functional role of BRD4 for STAT3-dependent
transcription. Additionally, ectopic ubiquitinated-STAT3 FP expression upregulated BCL2,
BCL2L1, APEX1, SOD2, CCND1 and MYC expression indicating the role of ubiquitinated STAT3
in anti-apoptosis and cellular proliferation. Finally we observed that ubiquitinated-STAT3 FP
suppressed TNFa-induced apoptotic cell death, indicating the functional importance of mono-
ubiquitinated STAT3 in antiapoptotic gene expression. We conclude that STAT3 mono-
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ubiquitination is a key trigger in BRD4-dependent antiapoptotic and pro-proliferative gene
expression programs. Thus, inhibiting the STAT3 mono-ubiquitination - BRD4 pathway may be a
novel therapeutic target for the treatment of STAT3-dependent proliferative diseases.
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1. Introduction

STAT3 is a transcription factor that participates in critical cellular processes involving cell-
cycle progression and the anti-apoptotic program [1]. STAT3 is activated by tyrosine and
serine phosphorylation in response to I1L-6 type of cytokines and growth factors, leading to
the formation of dimers that rapidly translocate into the nucleus and activate the promoters
of target genes [2,3]. Aberrant constitutive STAT3 activation is frequently found in various
type of cancers [4,5] and in autoimmune and inflammatory disorders, where it plays a
deleterious role through prolonged activation of BCL2L1, BCL2, MYC and CCND1, target
genes [6]. STATS3 has been also classified as an oncogene because of its predominant role in
mediating cellular transformation by v-src and in promoting tumor progression in nude mice
[7.,8].

The regulation of STATS3 transcriptional activity mainly depends on posttranslational
modifications (PTMSs); these PTMS trigger STAT3 dimerization, nuclear translocation,
complex formation with nuclear coactivators and/or its degradation. Although
phosphorylation is the hallmark of STAT3 transcriptional activity [9-11] (tyrosine 705 and
serine 727 phosphorylation are required for STAT3 dimerization and maximal
transactivation, respectively), several other PTMs are also known to tightly regulate STAT3
function. For instance, the recently reported lysine (K) methylation at residue 140 (K140) is
known to negatively regulate STAT3 activity [12] whereas lysine acetylation at its NH2
terminal (K49 and 87) and -COOH terminal (K685) is associated with positive regulation
and DNA binding [13,14]. PTM by polyubiquitination also plays a key role in promoting
STAT3 degradation by the 26S proteasome, a process for maintaining cellular homeostasis
by clearance of activated STAT3, after execution of its transcriptional role [15].
Polyubiquitination and proteosomal degradation of STAT3 by the nuclear ubiquitin E3
ligase PDLIMZ2, has been reported in human granulomatous inflammation; this process
inhibits T helper 17 cell development [16]. However, it remains unclear whether STAT3
could be modified directly by ubiquitination without leading to its degradation.

Ubiquitins are highly conserved small protein modifiers (MW~8 kDa) that are covalently
attached to e—amino group of K residues of target proteins. Depending on the ligase
complex, K residues within the ubiquitin molecule form different types of branched chain
chemistry [17]. Covalent attachment of polyubiquitin chains through K48 linkages mediate
the well-characterized role of ubiquitin in targeting protein substrates for degradation by the
26S proteasome, whereas mono-ubiquitination and K63-linked polyubiquitination
chemistries function as signal-dependent devices for inducing networks of protein-protein
interactions. Mono-ubiquitination or multi-mono-ubiquitination on K residues of non-
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histone substrate can cause changes in a protein’s response to cellular trafficking, chromatin
remodeling, DNA repair and transcriptional activation/repression [18-23]. Ubiquitin adducts
target proteins can be disassembled by deubiquitin enzymes (DUB) and therefore is
considered a dynamic, reversible, covalent modification [24].

In this paper, we report that STAT3 transcriptional activity is regulated by mono-
ubiquitination. We have identified the K97 residue in the NH2-terminal domain of STAT3
as a site of ubiquitination using protein domain mapping and high resolution mass
spectrometry. Expression of an ubiquitin-STAT3 fusion protein (ubiquitinated-STAT3 FP)
mimic of the NH2 terminal mono-ubiquitinated protein complexes with bromodomain
containing 4 (BRD4), a member of the bromodomain and extra-terminal bromodomain
protein family. BRD4 is a structural scaffold with kinase activity that influences
transcription by recruiting the positive transcription elongation factor complex-b (P-TEFb)
to the transcription pre-initiation complex of inducible genes [25][26-28], directly
phosphorylating serine 2 (Ser2) sites of the carboxy-terminal domain (CTD) of RNA
polymerase 11 (Pol I1). In our previous work, we showed that IL-6 promotes a nuclear
complex of STAT3 and CDKJ9, a major component of active P-TEFb complex in
derepression and activation of RNA Pol 11 on IL-6 inducible genes [29]. Here, we extend
this work by providing evidence that mono-ubiquitinated STAT3 recruits BRD4 to regulate
cellular proliferation and apoptosis. We show that small molecule inhibition of BRD4
downregulates STAT3-dependent MY C expression, a proliferation maker. Finally, we
observed ubi-STAT3 FP protects against TNF-a induced apoptosis. These data suggest that
mono-ubiquitinated STAT3 mediates BRD4 recruitment to promote a pro-proliferative and
anti-apoptotic cellular state.

2. Materials and Methods

2.1. Cell Culture, Reagents, Transfection and Western Blot

Human embryonic kidney 293 and HepG2 cells were obtained from ATCC (Manassas, VA)
and cultured as previously described [30]. STAT3™/~ and STAT3*/~ MEFs were obtained
from Dr. Stephanie Watowitch at the University of Texas M.D. Anderson Cancer Center.
Recombinant human IL-6 and sIL-6Ra were obtained from Pepro Tech Inc. (RockyHiill,
NJ). JQ1was purchased from Cayman Chemicals (Ann Arbor, MI). Sources of primary
antibody (Ab) included Santa Cruz Biotechnology (Dallas TX) for anti-STAT3 Ab (C20)
and anti-HA Ab; anti-V5 Ab was from Invitrogen (Grand Island, NY); anti $-actin Ab, anti-
Flag M2Ab, Flag agarose beads and 3X Flag peptides were from Sigma-Aldrich (St. Louis,
MO); anti- mouse monoclonal anti-HA Ab was from Millipore Billerica, MA). The STAT3
deletion plasmids [amino acids (aa) 1-770, 130-770, 1-688, 1-30] were constructed by
PCR using wild type STAT3 as a template and gene-specific primers [13]. Transient
transfections in exponentially growing cells were performed using Lipofectamine PLUS
reagent (Life Technologies, Inc.) following the manufacturer’s protocol. For IP and Western
blot analysis, whole cell lysates (WCLs) were prepared by lysing cells in modified RIPA
buffer [31]. Proteins were fractionated by 10% SDS-PAGE and were transferred to
polyvinylidine difluoride membranes (Millipore, Bedford, Mass) and blocked with 5% milk
for 1 h followed by primary antibody treatment for overnight at 4°C. Membranes were
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washed in TBST (0.1%) tween and incubated with secondary antibody for 1 h. Signals were
detected by the Odyssey Infrared Imaging system (LICOR Biosciences, Lincoln, NE).

2.2. Ni-NTA Affinity Chromatography

Cells transfected with 6X His-V5-tagged STAT3 expression plasmids were lysed in ice-cold
‘NTA buffer’ (where mentioned) containing 20 mM Tris (pH 8.0), 500 mM NacCl, 0.05%
Tween 20, 10mM imidazole, 2uM MG132 (Sigma), Proteinase Inhibitor Cocktail (EDTA
free; Roche, Cambridge, MA, USA), and phenylmethylsulfonyl fluoride. After
centrifugation, the supernatant was incubated with Ni-NTA magnetic beads (Qiagen,
Germantown, MD, USA) for 20 min at 4°C. The beads were washed with the NTA buffer
containing 10 and 20mM imidazole and the bound proteins were eluted with the NTA buffer
with 200 mM imidazole.

2.3. Flag-tagged protein Extraction with 3X Flag peptide

Flag-tagged STAT3 (1-130) in pECFP or Flag-tagged STAT3 K49/87R (1-130) proteins
were IPed with anti-Flag M2 agarose beads (Sigma) for overnight at 4°C. Beads were
washed three times with cold PBS and for elution, 100 pl of 3X Flag peptide (200 ug/ml,
final concentration), diluted in PBS, were added to each IP sample and incubated for 2 h at
4°C with shaking. Proteins were eluted after centrifuging at 8000 x g for 30 sec at 4°C.

2.4. Identification of ubiquitination sites of STAT3

The ubiquitinated STAT3 was fractionated by 1D SDS-PAGE. The top band was excised
and digested with trypsin as described before [32]. The tryptic digest was analyzed by LC-
MS/MS on a TSQ Vantage triple quadrupole mass spectrometer equipped with nanospray
source (Thermo Scientific, San Jose, CA). The online chromatography were performed
using an Eksigent NanoLC-2D HPLC system (AB SCIEX, Dublin, CA). An aliquot of 10
uL of each of tryptic digests were injected on a C18 reverse-phase nano-HPLC column
(PicoFrit™, 75 um x 10 cm; tip ID 15 um) at a flow rate of 500 nL/min with a 20-min 98%
phase A (0.1 % formic acid), followed by a 15-min linear gradient from 2-30% mobile
phase B (0.1 % formic acid-90 % acetonitrile) in phase A. The proteins were identified by
searching the mass spectrometry data against Swissprot Human protein database with
Proteome Discoverer 1.3 (Thermo Scientific). The false positive ratio cutoff of protein
identification was 1%.

The identification of STAT3 ubiquitination sites was performed with selected reaction
monitoring mass spectrometry (SRM-MS). Specific SRM-MS assays were developed for
ubiquitinated-Lys48-STAT3, ubiquitinated-Lys87-STAT3 and ubiquitinated-Lys97-STAT3
modifications. Because the tryptic peptide for ubiquitinated-Lys48-STAT3 has 39 amino
acid residues which does not yield a suitable signature peptide, we used Glu-C digestion
instead. This strategy produced SQDWAY AASK][Ubiquitin]E, the signature peptide. The
mass spectrometry parameter for each SRM assay is listed in Table 1.

The ubiquitinated STAT3 isoform, representing the upper STAT3 band on an SDS-PAGE
was digested with trypsin or Glu-C, respectively. Each digestion was analyzed by LC-SRM-
MS on a TSQ Vantage triple quadrupole mass spectrometer equipped with nanospray source
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(Thermo Scientific, San Jose, CA). The online chromatography were performed using an
Eksigent NanoLC-2D HPLC system (AB SCIEX, Dublin, CA). An aliquot of 10 uL of each
of tryptic digests were injected on a C18 reverse-phase nano-HPLC column (PicoFrit™, 75
pum x 10 cm; tip ID 15 pm) at a flow rate of 500 nL/min with a 20-min 98% phase A,
followed by a 15-min linear gradient from 2-30% mobile phase B in mobile phase A. The
TSQ Vantage was operated in high-resolution SRM mode with Q1 and Q3 set to 0.2 and
0.7-Da Full Width Half Maximum (FWHM). All acquisition methods used the following
parameters: 1800 V ion spray voltage, a 275 °C ion transferring tube temperature, a
collision-activated dissociation pressure at 1.5 mTorr, and the S-lens voltage used the values
in S-lens table generated during MS calibration.

2.5. Stable isotope labeled (SID)-selected Reaction Monitoring (SRM)-mass spectrometry
(MS) analysis of STAT3 complex

The SRM assays for total STAT3, P300, CDK?9, and BRD4 proteins were developed using a
workflow described in previous publications [33,34]. The signature peptides and SRM
parameters are listed in Table 2. The stable isotope standard (SIS) peptides were chemically
synthesized incorporating isotopically labeled [13Cg1°N,] Arginine or [13Cg15N,] Lysine to
a 99% isotopic enrichment (Thermo Scientific).

The proteins were immunoprecipitated with anti-STAT3 antibody were captured by protein
A magnetic beads (Dynal Inc). The proteins on the beads were digested with trypsin as
described previously [35]. Briefly, the beads were washed with PBS for three times and then
resuspended in 30 pL of 50 mM ammonium hydrogen carbonate (pH 7.8) and 20 pL of 0.1
ug/ L of trypsin was added. The samples were mixed and trypsinized by gentle vortexing
overnight at 37 °C. After digestion, the supernatant was collected. The beads were washed
with 50 L of 50% acetonitrile (ACN) three times and the supernatant was pooled, and
dried. The tryptic digests were then reconstituted in 30 uL of 5% formic acid-0.01% TFA.
An aliquot of 10 L of diluted SIS peptides were added to each tryptic digest. These samples
were desalted with ZipTip C18. The peptides were eluted with 80% ACN and dried. The
dried peptides were reconstituted in 30 uL of 5% formic acid-0.01% TFA and were directly
used for LC-SRM-MS analysis.

LC-SRM-MS analysis was performed with a TSQ Vantage triple quadrupole mass
spectrometer equipped with nanospray source (Thermo Scientific, San Jose, CA) as
described above. All SRM data were manually inspected to ensure peak detection and
accurate integration. The chromatographic retention time and the relative product ion
intensities of the analyte peptides were compared to those of the SIS peptides. The variation
of the retention time between the analyte peptides and their SIS counterparts were within
0.05 min, and no significant difference in the relative product ion intensities of the analyte
peptides and SIS peptides were observed. The peak area in the extract ion chromatography
of the native and SIS version of each signature peptide were integrated using Xcalibur® 2.1.
The default values for noise percentage and base-line subtraction window were used. The
ratio between the peak area of native and SIS version of each peptide were calculated.
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2.6. Generation of ubiquitinated-STAT3 fusion protein

Plasmid DNA for the ‘ubiquitin STAT3 fusion protein (FP)’ was generated by inserting the
ubiquitin (ubiG76A [36], where the COOH terminal Gly 76 is replaced with Ala, a gift from
Dr. T 1zumi, University of Kentucky at Lexington) gene in the NH2 terminus of STAT3 in
pCDNA 3.1 Flag-monomeric Cherry fluorescent protein (mcherry) expression vector
backbone.

2.7. RT-PCR Analysis

Total cellular RNA was extracted by Tri Reagent (Sigma). One pg of RNA was used for
reverse transcription using iScript cDNA Synthesis Kit (Bio Rad). Three ul of cDNA
products was amplified in 20 pl reaction system containing 10 ul iQ SYBR Green Super Mix
(Bio Rad) and 400 nM primer mix. All reactions were processed in MyiQ Single-Color
Real-Time PCR Detection System (Bio Rad) and results were analyzed by 1Q5 program
(Bio Rad). To normalize template input, GAPDH (endogenous control) transcript level was
measured for each sample. Data are expressed as fold change after normalizing to GAPDH.
The human primers used for RT-PCR are as follows: SOCS3, SP:
5CAAGGACGGAGACTTCGATT-3 and AS: 5 GACTGGGTCTTGACGCTGA-3;
BCL2L1, SP: ’GTTGAAGCGTTCCTGGCCCTTT-3 and AS:
5CAGAATGGACTGAATCGGAGAT-3; MYC, SP: 5’ATTCTCTGCTCTCCTCGA-3 and
AS: 5’TCTTGGCAGCAGGATAGT-3; CCND1, SP: ’GTGCTGCGAAGTGGAAACC-3
and AS: ’ATCCAGGTGGCGACGATCT-3’; Primers for APEX1, SOD2 and BCL2 were
ordered from IDT DNA integrated technology.

2.8. Two-step chromatin immunoprecipitation (XChIP)

XChIP was performed using sequential 2 mM disuccinimidyl glutarate (Pierce) protein-
protein cross-linking followed by formaldehyde protein-DNA cross-linking as described
[29]. Equal amounts of sheared chromatin were immunoprecipitated overnight at 4 °C with
4 ug indicated Ab in ChIP dilution buffer. Immunoprecipitates were collected with 40 pL
protein-A magnetic beads (Dynal Inc), washed and eluted in 250 pl elution buffer for 15 min
at room temperature. Samples were de-cross-linked in 0.2 M NaCl at 65 °C for 2 h. The
precipitated DNA was phenol/chloroform extracted, precipitated by 100% ethanol and dried.
Quantitative genomic PCR was performed using the mouse SOCS3 promoter specific primer
pairs [29]. Data are corrected for variations in input and expressed as fold change relative to
IgG controls.

2.9. Electroporation in STAT3™~ MEF

STAT3™~ MEF after trypsinization were resuspended in 100 pl of Nucleofactor solution
(Amexa, Lonza) along with mcherry-ubi-STAT3 FP or mcherry-STAT3 expression plasmid
or mcherry empty vector (EV) in an electroporator cuvettes. The cell suspension was
electroporated using a Nucleofactor | device (Amexa, Lonza). The Nucleofactor program
A-23 was used for MEF cells according to the manufacturer’s instruction.
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2.10. Apoptosis Assay and Flow Cytometry

STAT3~ MEFs were electroporated with mcherry-STAT3, mcherry ubi-STAT3 FP or EV
expression plasmids. 40 h after transfection, cells were treated with TNFa (15 ng/ml) and
cyclohexamide (30 pg/ml) for 0, 3 and 5 h. Cells were harvested with accumax (Sigma) for
single cell suspension and 1x10°8 cells first were stained with Live/Dead Fixable Aqua Dead
Cell Stain Kit, 405 nm excitation, (from invitrogen), followed by FITC conjugated Annexin
V staining (from eBioscience) for detecting early apoptotic cell death, following
manufacturer’ protocol. Samples were analyzed by FACS Canto (BD) and data was
analyzed with FACSDiva software (BD Bioscience).

2.11. Statistics

All experiments were carried out in triplicates (n=3) and the Q-RT-PCR data are expressed
as mean + SD. Statistical analysis was performed using the two-tailed student t-test, with
significance set at p<0.05.

3. Results

3.1. STAT3 is mono-ubiquitinated in cellulo

Although previous studies have implicated STAT3 poly-ubiquitination and degradation by
the proteasome pathway [16,37], mono-ubiquitination or K63 linkages of STAT3 have not
been reported. To examine the physiological significance of ubiquitination of STAT3 in
detail, HEK293 cells were transfected with VV5-tagged STAT3 alone (Fig. 1A, lanel and 2)
or V5-tagged STAT3 and HA- tagged ubiquitin (ubi-WT) (lane 3), and IL-6 stimulated
whole cell lysates (WCL) were immunoprecipitated (IPed) with anti-V5 Ab (Fig. 1A, lane 2
and 3) or mouse 1gG (lane 1) as a negative control. IPs were then resolved by SDS-PAGE,
followed by immunoblotting with anti-HA Ab. In comparison with IgG IPs, STAT3 in the
V5 IP was weakly recognized by the anti-HA Ab (Fig. 1A, top panel, lane 2). By contrast, in
cells transfected with HA-tagged ubiquitin (ubi), we observed a prominent 100 kDa band
(Fig. 1A, top panel, lane 3). We noted that the relative molecular mass of the ubi-dependent
band corresponded with the molecular weight of full length STAT3 plus 8 kDa (91+ ~10
=100 kDa) suggesting that STAT3 can be mono-ubiquitinated. A western blot of the input
was performed using anti-STAT3 Ab, confirming equivalent input of STAT3 in the
immunoprecipitates. We note that the 100 kDa monoubiquitinated form was not detectable
in the Western blot of the starting material (input), indicating that this form represents a low
abundance modification of the total STAT3 pool.

To further confirm the observation that STAT3 is mono-ubiquitinated, we used a lysine (K)
free HA-Ubiquitin construct in which all seven K residues were mutated to arginine (ubi-
K0), and is therefore unable to form K48 or K63 linked polymers. After transfection of ubi-
KO, followed by IP-Western immunoblot as above, a similar pattern with a strong ~100 kDa
band was observed in lane 4 (top panel), supporting the evidence that STAT3 is mono-
ubiquitinated. The middle panel is a Western blot with V5 Ab that shows equal amount of
STATS3 in the immunocomplex, along with a high MW ~100 kDa band particularly in lane
4, confirming the presence of modified, mono-ubiquitinated STAT3. Conversely, a co-IP
assay of the extract containing ectopically expressed V5-STAT3 and HA-ubi-KO0 with anti-
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HA Ab followed by immunoblot with anti-V5 Ab confirms that STAT3 is present in HA
immune complex (Fig. 1B). The migration of this band matches exactly with the high
molecular weight modified band of V5-STAT3 in the STAT3 immune complex (Fig. 1B,
lane 4).

To further validate the finding that STAT3 is mono-ubiquitinated, WCL of V5-His-tagged
STAT3 (Fig. 1C, lanel) or V5-His-tagged STAT3 and HA-ubi-WT (Fig. 1C, lane 2) /or
HA-ubi-KO (Fig. 1C, lane 3) were subjected to Ni-NTA affinity pull down assay and
Western blotted with either anti-HA Ab (top) or anti-V5 Ab (bottom). As shown in Fig. 1C,
(top panel) the histidine hexamer (6X His) tagged STAT3 proteins that were bound with
HA-ubiquitin were eluted and only immunoreacted with HA Ab (Fig. 1C, lane 2 and 3),
confirming that STATS3 is conjugated with ubiquitin monomer in cellulo.

To detect if endogenous STAT3 is mono-ubiquitinated, cells were transfected with either
ubi-KO or ubi-WT (because the sub-population of mono-ubiquitinated proteins is extremely
low and difficult to detect) and endogenous STAT3 ubiquitination was determined. For this
purpose endogenous STAT3 was enriched by IP with pan-STAT3 Ab from the WCL prior
to immunoblotting with anti-ubi Ab (Fig. 1D, lane 2 and lane 3, right) or with anti-STAT3
Ab (lane 1, left). In Fig. 1D left bottom panel, when WCL from ubi-KO transfected cells
were IPed and immunoblotted with anti-STAT3 Ab, we again detected presence of an
additional slower migrating species around ~100 kDa (longer exposure) confirming presence
of endogenous mono-ubiquitinated STAT3 species.

Next, to determine if STAT3 mono-ubiquitination is stimulus-dependent, cells were co-
transfected with STAT3 and ubi-KO0 and stimulated with either IL-6 and sIL-6R or H,O» or
left untreated prior to harvest and pull down assay by Ni-NTA. Proteins were fractionated by
SDS-PAGE and ubiquitin conjugated STAT3 was measured by anti-HA immunoblot and
band intensity were plotted. As seen in Fig. 1E, increased STAT3 mono-ubiquitination is
observed when cells were exposed to a known inducer of mono-and /or polyubiquitination
hydrogen peroxide and also with IL-6 stimulation.

3.2. Mapping of the STAT3 domain for mono-ubiquitination

Ubiquitination is a covalent adduct on the e-amino group of K residue of the target protein.
To determine the specific K residues of STAT3, we examined its deletion mutants in the
ubiquitin assay. For this purpose we transfected HEK293 cells with a series of 6XHis-V5-
tagged STAT3 deletion mutants (aa 1-770, aa 1-688, aa 130-770 and aa 1-130) and HA-
tagged ubi-KO. Cells were harvested, and proteins were purified from WCL on Ni-NTA
magnetic beads after stringent washing and elution with 200 mM imidazole. Proteins were
resolved in SDS-PAGE prior to immunoblotting with anti-V5 Ab (Fig 2A, top) or anti-HA
Ab (Fig 2A, bottom). In Fig 2A (bottom), the WT STAT3 (1-770), and STAT3 deletion
mutants STAT3 (1-688) and STAT3 (1-130) were covalently modified by ubiquitin
conjugation, however, STAT3 deletion mutant lacking aa 1-130 of the NH2 terminal domain
did not (lane 3) indicating that the acceptor site for mono-ubiquitination resides in the NH2
terminal regulatory domain of STAT3. As a negative control when cells were transfected
with each 6X His V5-tagged STAT3 construct alone (without HA-ubi plasmid) and
processed as described above and immunoblotted with anti-HA Ab, we did not observe any
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immune-reactive bands although each of the deletion mutants was sufficiently expressed
with expected mobility on anti-V5 immunablots (data not shown).

The STAT3 NH2 terminal domain (aa 1-130) contains the three K residues at amino acids
(aa) 48, 87 and 97 representing the primary NH2-terminal acetyl-acceptor sites identified
previously by our group was at K residue 49 and 87 [13]. We therefore tested if K residue at
97 could be the possible ubiquitin acceptor site in STAT3 NH2 terminal domain. For this
purpose we transfected 293 cells with a Flag-tagged STAT3 (1-125) expression vector or
with a Flag-tagged STAT3K49/87R (1-125) mutant with K 49 and 87 residues mutated to
arginine (R), along with HA-ubi-K0. WCL were IPed with Flag agarose beads, and
competitively eluted with 3X-Flag peptide. Eluted proteins were then separated in SDS-
PAGE and immunoblotted with either anti-HA Ab (Fig. 2B, left) or anti-Flag Ab (Fig. 2B,
right). Both WT STAT3 (1-125) and STAT3K49/87R (1-125) mutant with intact K97 were
modified by ubiquitination (left panel) indicating that K97 could be the primary acceptor site
for STAT3 mono-ubiquitination. As a negative control when WCL were IP’ed with mouse
IgG, we did not observe any immunoreactive band when blotted with anti-HA Ab (right
panel). However, when we generated a STAT3 K97 to Arginine (R) point mutants both in
full length STAT3 and in STAT3 (1-125) and performed ubiquitination assay, surprisingly
STAT3 mono-ubiquitination still occurred on this mutation, suggesting that mono-ubiquitin
conjugation takes place in alternative lysine residues following mutation of the primary site,
as reported by many other groups [38].

Moreover, interestingly, in Fig 2C, a ClustalW analysis revealed that K 97 in STAT3 NH2
terminus is evolutionary conserved in various species, implying a potentially important
function for this lysine and it is also located in a sumolation/ubiquitination consensus
sequence oK Xe [39, where the acceptor K residue is flanked by NH2-terminal hydrophobic
aa (¢ is hydrophobic residue I, L or V) and a COOH-terminal acidic aa (e stands for E or D).

3.3. Identification of the lysine residues of STAT3 mono-ubiquitination

Next, we sought to confirm K97 mono-ubiquitination directly by MS analysis. V5- tagged
STATS3 (1-130) and HA-ubi KO were transfected in HEK293 cells. Immune complexes of
WCL IPed with anti-V5 Ab were separated by SDS-PAGE and stained with supro ruby (Fig
3A). The upper band was excised trypsin digested and analyzed by LC-MS/MS. Both
STAT3 and ubiquitin were identified from this gel band, demonstrating that STAT3 was
ubiquitinated. The peptides identified with LC-MS/MS are tabulated in Fig 3B. In order to
identify which lysine residues on STAT3 (1-130) was the target of mono-ubiquitination, we
developed specific SRM assays for each of the three putative K ubiquitination sites
contained within STAT3 (1-130). The mass spectrometry parameters for the assays are listed
on Table 1. For this purpose, the upper gel band was digested with trypsin and Glu-C,
respectively and the tryptic digest and Glu-C digest of the upper band were analyzed by LC-
SRM-MS. Out of all the targeted ubiquitinated-STAT3 signature peptides, only the signature
peptide of ubiquitinated-Lys97-STAT3, YLEK(ubi)PMEIAR, showed detectable signal (Fig
3C). These highly specific assays indicated that the primary mono-ubiquitination site
occurred on K97, not K48 nor K87.
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3.4. Enhanced transcriptional activity of ubiquitinated-STAT3 fusion protein

To determine the functional consequence of STAT3 mono-ubiquitination, we made an in-
frame fusion protein of ubiquitin monomer and STAT3 (ubi-STAT3 FP) that mimics
endogenously generated mono-ubiquitinated protein. To avoid cleavage of ubiquitin by
cellular DUBs, we used a C-terminal glycine 76 to alanine mutant of ubiquitin (UbiG76A)
[36] to fused with the 5" end of STAT3 gene, representing a constitutively ‘ubiquitinated’
STAT3 mimic, as shown by its expression in Fig 4A inset. To determine the effect of
transcriptional activity of ubi-STAT3 FP, we transfected 293 cells either with Flag tagged
STAT3 expression vector or Flag tagged ubi-STAT3 FP and total RNA was isolated after
IL-6 and sIL-6R stimulation, for quantitative real time-PCR (Q-RT-PCR) analysis for
suppressor of cytokine signaling-3 (SOCS3) gene, a highly inducible STAT3-dependent
gene [31,40]. We observed that the expression of human SOCS3 gene is induced both in
basal and in response to IL-6 stimulation when ubi-STAT3 FP is transfected in cell in
contrast to that seen in STAT3 expression alone (Fig. 4A). As a negative control, empty
vector (EV) expression showed no effect on hSOCS3 expression (Fig. 4A). We therefore
concluded that ubiquitination enhanced the transcriptional activity of STAT3.

3.5. Interaction of ubi-STAT3 FP with BRD4

To understand the mechanism of enhanced transcriptional activity of mono-ubiquitinated
STAT3, we sought to find its interacting partners by nondenaturing co-IP. In our previous
work, we found that STAT3 forms a nuclear complex with cyclin- dependent kinase 9
(CDK9), a major component of P-TEFb, involved in derepression and activation of RNA
Pol 11 [29]. Within the PTEFb complex, bromodomain containing protein 4 (BRD4) is a
protein unique to the activated state of the P-TEFb complex. In this complex, BRD4
stabilizes P-TEFb interaction with chromatin by binding acetylated histones and is involved
in Ser2 phosphorylation of the RNA Polll CTD. We therefore transfected cells either with
ubi-STAT3 FP or with STAT3 expression plasmid followed by measurement of BRD4
association using immunoprecipitation-selected reaction monitoring-based mass
spectrometry (IP-SRM). IP-SRM was selected as a technique because of its accurate
quantification capabilities and its absolute specificity for the target protein. Here, we
observed that the abundance of STAT3-associated BRD4 was significantly increased in ubi-
STAT3 FP WCL immnoprecipitate in contrast to that seen in unmodified STAT3 lysates
(Fig 4B, right), although the amount of total STAT3 in both immunoprecipitates are the
same (Fig 4B, left). This observation indicated that a mono-ubiquitinated STAT3 promotes
complex formation with an active component of the PTEFb complex, BRD4, and therefore
suggested a novel role for BRD4 in STAT3-mediated transcription.

These above data indicated that BRD4 may functionally important in STAT3-dependent
transcription. To examine whether BRD4 was recruited to STAT3-dependent genes, a two-
step chromatin immunoprecipitation (XChIP) assay was performed in STAT3~~ and
STAT3™/* cells. Because we previously showed that MEFs do not express high amounts of
IL-6R, cells were stimulated in the absence or presence of a potent gp130-STAT3 activator,
oncostatin-M (OSM) [31]. Chromatin was crosslinked and the recruitment of STAT3 and
BRD4 to mSOCS3 promoter was determined by XChIP. We observed that although ~2.5-
fold increase of STAT3 binding could be detected on mSOC3 in unstimulated STAT3*/~
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MEFs, OSM induced a 9-fold fold increase of STAT3 binding (Fig. 4C). Similarly, 2.5-fold
increase in BRD4 was observed in untreated STAT3™* MEFs, and OSM induced a 5.5-fold
increase BRD4 binding in STAT3/* MEFs. The absence of BRD4 binding to mSOCS3
promoter in STAT3~~ cells indicates that STAT3 is required for targeting BRD4 to STAT3
dependent target genes.

To further investigate the functional role BRD4 in STATS3 transcription, we measured the
effect of a selective small-molecule bromodomain inhibitor (JQ1). We observed an increase
in SOCS3 expression in presence of ubi-STAT3 FP both in basal condition and with I1L-6
stimulation (Fig. 4D), reproducing our observation in Fig 4A; however, in the presence of
JQ1, SOCS3 mRNA expression was significantly abrogated in cells transfected mainly with
ubi-STAT3 FP. This result indicates that IL-6 inducible SOCS3 expression is JQ1 sensitive
and therefore further confirms the functional role of BRD4 in STAT3 mediated gene
transcription.

3.6. Expression of anti-apoptotic and cellular proliferation marker genes by ubi-STAT3 FP

Because STAT3 activates cellular proliferation and anti-apoptosis programs through
regulating the expression of its target genes, we next asked whether expression of mono-
ubiquitinated STAT3 would lead to an increased expression of proliferation and anti-
apoptotic marker gene expression. Expression of ubi-STAT3 FP in HepG2 cells showed an
increased mRNA expression of CCND1, BCL2L1, APEX1, SOD2 and BCL2 genes relative
to that seen in unmodified STAT3 expression (Fig. 5A). A similar finding was also observed
in STAT3~/~ MEFs (Fig. 5B). To further confirm that increased gene expression by ubi-
STAT3 FP is mediated through BRD4, we tested the effect of JQ1 on expression of the
master cellular proliferation regulator MYC. Expression of ubi-STAT3 FP elevated MYC
expression compared to that produced by STAT3 alone and treatment with JQ1 inhibited
MYC expression approx ~3 fold in ubi-STAT3 transfected cells (Fig. 5C), consistent with
other studies [41]. These results further supported our earlier findings that BRD4 is a
functionally important as a regulatory factor for ubi-STAT3 mediated transcription of MYC
expression.

Cellular treatment with TNFa and cyclohexamide (CHX) induces ROS/H,0, - mediated
apoptosis [42]. Next, to determine if anti-apoptotic gene expression induced by mono-
ubiquitinated STAT3 is sufficient to protect against TNFa/CHX-mediated apoptosis,
STAT3~ MEF cells were electroporated with either mcherry-tagged STAT3 or mcherry-
tagged-ubi-STAT3 FP. After allowing for the tagged STAT3 expression, the cells were
treated with TNFa and CHX for various times and early apoptosis was measured in cherry-
positive cell population by annexin V staining in flow cytometry. We observed that the
percent of apoptotic cell death in STAT3 transfected cells were ~3.5 fold higher than that in
ubi-STAT3 FP transfected cells (Fig. 5D). As controls, cells transfected with mcherry alone
showed similar levels of apoptotic cell death as that in STAT3 transfected cells (data not
shown). This result indicated that expression of critical level of anti-apoptotic protein
expression in presence of ubi-STAT3 FP protects against TNFa induced cytotoxicity.
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4. Discussion

STAT3 is a cytokine inducible transcription factor regulated by site-specific PTMs to
regulate acute-phase response, cell cycle progression and anti-apoptosis. Mono-
ubiquitination is a molecular event that controls important cellular pathways and regulates
complex nuclear functions of histones and non-histone proteins. In this study, we show for
the first time, that STAT3 is mono-ubiquitinated in its NH2 terminal domain using specific
mass spectrometry analysis, domain mapping and cell-based ubiquitination assays. Although
polyubiquitination of STAT3 has been recently implicated in neonatal brain development
and in T helper 17 cell development [16,43], the presence and effect of site-specific mono-
ubiquitination of STAT3 protein is unknown. Here, we detected that the NH2 terminus of
endogenous STAT3 is mono-ubiquitinated in cellulo and is under stimulus-dependent
control. Analysis of the mono-ubiquitinated STAT3 mimic shows that this modification is
associated with enhanced complex formation with activated P-TEFb; within the P-TEFb
complex, BRD4 mediates STAT3-dependent cell cycle and anti-apoptotic gene expression
programs.

Previously, the transcription factor Forkhead box O has been shown to become mono-
ubiquitinated in response to increased cellular oxidative stress [21] with hydrogen peroxide.
Similarly, we have observed here an increased STAT3 mono-ubiquitination upon treatment
of cells with IL-6 and sIL-6R that are also known to induce oxidative stress in various cell
types [44,45] and at the same time induce tyrosine phosphorylation, nuclear import, DNA
binding and transcriptional complex assembly. More work will be required to understand
how intracellular ROS controls mono-ubiquitination of these oxidative stress-regulated
transcription factors.

Our mass spectrometry and western-based ubiquitination assays both show that K97 is a
major mono-ubiquitination acceptor site in the STAT3 NH2 terminus. We had previously
shown that among the three K residues (at 49, 87 and 97) in the NH2 terminus of STAT3, K
49 and K87 are the two major sites for P300 mediated acetylation [13]. To investigate if
acetylation and mono-ubiquitination in STAT3 are two independent phenomena and occur
in different K residues, we used STAT3 WT and STAT3K49/87R mutant in in vitro
ubiquitination assay. From our observation that STAT3K49/87R is still mono-ubiquitinated,
we concluded that ubiquitin conjugation occurs at K residue 97, and is independent of prior
NH2 terminal acetylation (Fig. 2B). This conclusion was further directly confirmed by LC-
MS/MS and LC-SRM-MS that K 97 residue is indeed the major mono-ubiquitination
acceptor site in the STAT3 NH2 terminus. Interestingly, a ClustalW analysis further showed
that K97 is found within an evolutionary conserved sumoylation/ubiquitination consensus
site (¢KXe) found in SRC3 [46], SHIP2 [39] and other mammalian proteins regulated by
small ubiquitin modifiers.

Construction and ectopic expression of a monomeric ubiquitin-conjugated fusion protein has
been used in determining the functions of various ubiquitinated proteins and transcription
factors [22]. To address the functional consequences STAT3 monoubiquitination, we tested
whether this PTM could modulate the transcriptional activity of STAT3. Our observation
that the ectopic expression of ubi-STAT3 FP increases both basal and 1L-6 mediated mMRNA
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expression of STAT3 target gene, SOCS3 (Fig 4A), indicate that STAT3 monoubiquitination
and its target gene expression is IL-6 inducible. We also determined whether increased
STATS3 transcriptional activity correlates with increased nuclear import in endogenous
fluorescent protein mcherry-conjugated ubi-STAT3 FP transfected HepG2 cells. We indeed
observed an increase in monomeric cherry fluorescence of ubi-STAT3 FP in the nucleus of
HepG2 cells upon IL-6 stimulation by confocal microscopy (data not shown). Further
detailed study is required to confirm its role in nuclear import.

One striking finding of our present study is that we have observed for the first time by IP-
SID-SRM-MS that mono-ubiquitinated STAT3 induces complex formation with BRDA4.
BRD4 is a chromatin adapter protein that binds to the acetylated histone H3 and H4 and can
also bridge and enhance the binding of a sequence-specific transcription factor to chromatin
and promote the stability via direct protein-protein interaction [47]. We previously showed
that IL-6 strongly induces a nuclear complex of STAT3 with CDKJ in regulation of acute
phase response gene and showed a direct evidence that IL-6 induces CDK9 recruitment to
the y-Fibrinogen promoter along with enhanced RNA Pol Il and phospho-Ser2CTD Pol 11
loading on the coding region [29]. In this study we show that BRD4 is associated with
mono-ubiquitinated STAT3 and is recruited to STAT3-dependent target genes. The strong
transcriptional dependence of STAT3-dependent target genes on BRD4 binding suggests
that BRD4 may also play a role with CDK9 on RNA Pol Il CTD phosphorylation to induce
transcriptional elongation. Alternatively, it could be possible that binding of BRD4 to mono-
ubiquitinated STAT3 may induce a conformational changes in the NH2 terminus of STAT3
that may facilitates binding of the P300/CBP bromodomain to the NH2 terminal acetylated
K49 and K87 leading to stable enhancer complex formation [48]. It will be of interest in
future studies to determine if K97 mono-ubiquitination facilitates K49/87 acetylation.
Furthermore, as Brd4 is also known to function as a hucleosome-binding factor that plays an
active role in recruiting sequence-specific transcription factors to their chromatin target
sites, it could be possible that BRD4 binding to mono-ubiquitinated STAT3 may also
facilitate binding of STAT3 to the hyper-acetylated histone at the promoter of its target gene
and thereby modulates gene activity.

Our findings on the recruitment of BRD4 to STAT3 dependent target genes and the
inhibitory effect of JQ1 supports the conclusion that BRD4 is an essential component for
STAT3-mediated transcription. It is interesting to note that JQ1 was also shown to
downregulate MYC oncogene transcription in an experimental model of multiple myeloma
[41]. Here it was shown that JQ1 downregulates the expression of MYC by dislocating
BRD4 from the MYC promoter. Coincidently, we also recently showed that MYC expression
is augmented in human post-burn hypertrophic scar fibroblast (HSF) leading to exaggerated
proliferation of the fibroblast. Treatment of HSFs with STAT3 siRNA significantly
decreased MYC expression in HSF but not in normal fibroblasts, indicating an important role
of STAT3 in MYC expression and fibroblast proliferation [40]. In this study, when ubi-
STAT3 FP was overexpressed, we observed an increase in MYC expression compared to
unmodified STAT3 which indicated recruitment of BRD4 by mono-ubiquitinated STATS3.
Our observation that treatment of these cells with JQ1 at much lower concentration
attenuated MYC expression in ubi-STAT3 FP transfected cells further indicated an essential
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role of BRD4 in STAT3 mediated gene expression. Thus, BRD4 inhibitors may serve as a
novel therapeutic tool to treat different STAT3-driven inflammatory and/or oncogenic
diseases.

Furthermore, it is known that constitutive STAT3 expression plays an important role in
tumorigenesis and proliferative diseases through the upregulation of genes involved in anti-
apoptosis and proliferation. STAT3 activation can support cell survival through up-
regulating the expression of the CCND1, BCL2L1, APEX1, SOD2, BCL2 and others. Our
observation that mono-ubiquitinated STAT3 upregulated these anti-apoptotic and
proliferation marker genes further indicates an essential role of mono-ubiquitination in cell
survival. In this context, we also noted that when STAT3™/~ MEFs were induced to undergo
apoptosis by treatment with TNFa/CHX, cells that expressed ubi-STAT3 FP, were
protected. We interpret these data to mean that mono-ubiquitinated STAT3 upregulates anti-
apoptotic gene program, and confers protection against apoptotic cell death.

Taken together, our results suggest that PTM of STAT3 by NH2 terminal mono-
ubiquitination plays an important regulatory mechanism for cellular proliferation and
apoptosis. Mono-ubiquitination of STAT3 augments its transcriptional activity by recruiting
bromodomain protein BRD4, a component of active PTEFb complex in RNA Pol 11
mediated transcriptional elongation. Therefore, identification of BRD4 as a novel regulator
for STAT3 mono-ubiquitination not only provides new insights into STAT3 function but
also provides potential strategies for the prevention and treatment of STAT3 driven
proliferative diseases by targeting BRDA4.
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BRD4 Bromodomain-containing protein 4
CDK9 cyclin dependent kinase 9

CHX Cyclohexamide

EV empty vector

FP fusion protein

Lys/K Lysine

mcherry monomeric cherry fluorescent protein
MEF mouse embryonic fibroblast

MS mass spectrometry

P-TEFb positive elongation factor b

PTM post-translational modification
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SRM selected reaction monitoring
S3 STAT3
TNFa tumor necrotic factor alpha
ubi ubiquitinated
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Fig. 1.
STAT3 mono-ubiquitination in cellulo. (A) HEK 293 cells were transfected either with V5-

tagged STAT3 alone (lane 1 and 2) or along with HA- tagged WT ubi (lane 3) or HA-
tagged KO ubi (lane 4). 40 h after transfection, cells were treated with 1.5 uM MG132 for 4
h prior to 15 min stimulation with 1L-6 (8ng/ml) and sIL-6R (6 pg/ml). Cells were harvested
with modified RIPA and WCL were IP’ed either with IgG (lane 1) or with anti-V5 Ab (lane
2, 3, 4) and immunoblotted with anti-HA Ab (top) or with anti-V5 Ab (middle). The bottom
panel shows input samples (5% WCL without IP) subjected to western immunoblot analysis
wih anti-STAT3 Ab.

(B) HEK 293 cells were transfected with V5-STAT3 and HA-ubi-K0 and WCL were IP’ed
either with 1gG (lane 1) or with anti-HA Ab from mouse (M) (lane 2) or anti-HA Ab from
rabbit (R) (lane 3) or with anti-STAT3 Ab (lane 4) and Western immunoblot was performed
with anti-V5 Ab.

(C) Cells were transfected with either V5-His-STAT3 alone (lane 1) or with VV5-His-STAT3
and HA-ubi-WT (lane 2) or V5-His-STAT3 and HA-ubi-KO (lane 3). WCL were subjected
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to Ni-affinity NTA pull down assay. The eluted fraction were resolved in SDS-PAGE and
immunoblotted with anti-HA Ab (top) and anti-V5 Ab (bottom).

(D) 293 cells were transfected either with ubi-KO (lane 1and 2) or ubi-WT (lane 3)
expression plasmid and WCL were IPed with anti-STAT3 Ab and immunoblotted with
either anti-STAT3 Ab (left) or with anti-ubi Ab (right). The bottom left panel is lane 1 after
longer exposure, showing ubiquitin modified STAT3.

(E) Cells were transfected with VV5-His-STAT3 and HA-ubi-KO0 and prior to harvest, cells
were stimulated either with IL-6 or with H,O5 or left untreated. WCL were pull down by
Ni-NTA assay and eluted proteins were resolved and immunoblotted with anti-HA Ab.
Shown is the average relative intensity of ubi-STAT3 expression (pulled down in Ni-NTA
assay (n=3)) in the Western Blot. #, represents p<0.05, students t test.

* represents monomeric ubiquitin conjugated STAT3.
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Fig 2.

S'IE';ATS is ubiquitinated on its NH, terminal domain. (A) HEK293 cells were transfected
with the indicated V5-His-tagged STAT3 WT and deletion constructs and HA-ubi-K0. WCL
were subjected to Ni-NTA affinity assay and the proteins were resolved and immunoblotted
with either anti-V5 Ab (top) or anti-HA Ab (bottom). * represent monomeric ubiquitin
conjugated STAT3. (B) HEK 293 cells were transfected with either Flag-tagged STAT3 WT
(1-125) or with Flag-tagged K49/87R (1-125) as indicated. WCL were 1Ped with Flag-
agarose beads and proteins were eluted with 3X Flag peptide prior to resolved in SDS-
PAGE. Western immunoblot analysis was performed either with anti-HA Ab (left) or with
anti-Flag Ab (right). Bottom left panel is the immunoblots of lane 1 and 2 with B-Actin Ab.
Right panel shows WCL IP’ed with 1gG as a negative control and immunoblotted with anti-

Cell Sgnal. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ray et al.

Page 21

HA and p-Actin Ab. M represents Marker lane. (C) ClustalW sequence analysis of STAT3
(1-125) showed conservation of K residue 97 among different mammalian species and
contains an ubiquitin/sumoylation consensus sites.
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spectrometry. (A) HEK293 cells were transfected with STAT3 (1-130) and ubi-KO0 and
resolved in SDS-PAGE. Gel was stained with supro-ruby and upper band was excised and
either trypin digested and subjected to LC-MS/MS for identification of peptide in (B) or the
band was digested with trypsin and Glu-C and subjected to LC-SRM-MS for K residue
identification in (C). (B), shows peptide sequence of STAT3 and ubiquitin as identified in
LC-MS/MS. (C) The SRM analysis of ubiquinitated STAT3 peptide YLEK(ubi)PMEIAR is
shown. The upper panel is the extract ion chromatogram of triply charged
YLEK(ubi)PMEIAR, and the bottom panel is extract ion chromatogram of doubly charged

YLEK (ubi)PMEIAR.
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ono-ubiquitinated STAT3 has increased transcriptional activity and is BRD4-dependent. (A)
HEK 293 cells were transfected either with empty vector (EV) or with Flag-mcherry-STAT3
expression vector (S3) or with Flag-mcherry-ubiquitin-STAT3 fusion protein (ubi-STAT3).
40 h after transfection cells were either treated with I1L-6 and sIL-6R for 20 mins or left
untreated and total RNA was subjected to Q-RT-PCR for human SOCS3 expression. Data
are expressed as mean£SD, * indicates P< 0.05. The inset figure shows expression of Flag
tagged STAT3 and ubi-STAT3 FP. (B) HEK 293 cells were transfected with Flag-tagged
STAT3 or Flag- tagged ubi-STAT3 FP and WCL were IP’ed either with IgG or anti-STAT3
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Ab and subjected to SID-SRM analysis (described experimental procedures) for STAT3 and
BRD4 abundance. The results of SID-SRM assay were normalized with total input
concentrations of the WCL. The left panel figure shows the total STAT3 detected in each
sample and right panel shows relative ratio of BRD4 associated with STAT3 in each
samples. (C) STAT3 and BRD4 binding to SOCS3 promoter by XChIP assay. STAT3™~
and STAT3*/~ MEF cells were treated with or without the STAT3 agonist, OSM (20 ng/ml)
for 30 min. Double cross-linked chromatin was IPed with either 1gG, anti-STAT3 (STAT3)
or anti-BRD4 antibody (BRD4) and bound chromatin was amplified by Q-gPCR using a
mSOCS3 promoter-specific primer pair. Fold change is expressed relative to 1gG. *p< 0.01.
(D) HEK 293 cells were transfected with either STAT3 or ubi-STAT3 FP. 24 h after
transfection cells were treated with JQ1 at a concentration of 10 uM and 50 uM for
overnight and total RNA was isolated prior to IL-6 and sIL-6R treatment. Human SOCS3
MRNA expression was measured by Q-RT-PCR. Data are expressed as mean £SD, *
indicates p< 0.05.
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I s ﬂ

Mono-ubiquitinated STAT3 induces expression of proliferation and anti-apoptotic marker
gene expression. (A) HepG2 cells were transfected with either STAT3 or ubi-STAT3 FP. 40
h after transfection total RNA was isolated and Q-RT-PCR was performed for SOCS3,
OD2, APEX1, BCL2, BCL2L1expression. Data are expressed as mean + SD, * indicates P<
0.05. (B) STAT3~ MEF were transfected either with STAT3 or ubi-STAT3 FP and mRNA
expression of Refl, BCL2L1, CCND1, and SOD2 were measured by Q-RT-PCR. (C) HEK
293 cells were transfected with either STAT3 (S3) or ubi-STAT3 FP (ubi-S3). 24 h after
transfection cells were treated with JQ1 (10 pM and 50 pM for overnight) and total RNA
was isolated for mRNA expression of MYC. Data are expressed as meanSD, * indicates P<
0.05. (D) STAT3™/~ MEF were electroporated with either STAT3 or ubi-STAT3 FP. 40 h
after transfection cells were treated with TNFa (15 ng/ml) and cyclohexamide (30pg/ml) for
0, 3and 5 h. Cells were gated for mcherry positive cells and early apoptosis was measured
by FITC conjugated Annexin V staining. Shown is the percentage of apoptotic cell death as
measured by flow cytometry (FACS Canto, BD).
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